Using the first-principles band-structure method and the special quasirandom structures approach, the authors have investigated the band structure of random Al x In y Ga 1−x−y N quaternary alloys. They show that the wave functions of the band edge states are more localized on the InN sites. Consequently, the photoluminescence transition intensity in the alloy is higher than that in GaN. The valence band maximum state of the quaternary alloy is also higher than GaN with the same band gap, indicating that the alloy can be doped more easily as p-type. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2769958͔ Group III-nitride semiconductors, AlN, GaN, and InN, and their ternary alloys AlGaN, GaInN, and AlInN, have been studied extensively because their band gaps cover a wide range from 0.7 to 6.1 eV, 1 which makes them suitable for a variety of applications such as blue and ultraviolet ͑UV͒ light-emitting diodes, laser diodes, and high-temperature/ high-power heterostructure field-effect transistors.
Group III-nitride semiconductors, AlN, GaN, and InN, and their ternary alloys AlGaN, GaInN, and AlInN, have been studied extensively because their band gaps cover a wide range from 0.7 to 6.1 eV, 1 which makes them suitable for a variety of applications such as blue and ultraviolet ͑UV͒ light-emitting diodes, laser diodes, and high-temperature/ high-power heterostructure field-effect transistors. 2 Recently, the quaternary alloys Al x In y Ga 1−x−y N have attracted much attention [3] [4] [5] because, unlike in ternary alloys, the band gap and the lattice constant of the quaternary alloy can be individually tuned. For example, it is now possible to have the alloy lattice constant match that of GaN and simultaneously vary the band gap of the alloy. This is useful in reducing defects, misfit dislocations, and piezoelectric fields in band-gap engineering through, the formation of Al x In y Ga 1−x−y N / GaN heterostructures. On the other hand, one can also fix the band gap of the alloy to match that of GaN or other desired values and vary the alloy composition to improve the structural, optical, and doping properties. Indeed, it has been shown experimentally that photoluminescence ͑PL͒ intensity in Al x In y Ga 1−x−y N quaternary alloys is strongly enhanced compared to that of AlGaN with comparable Al composition. 5 In this letter, using the first-principles band-structure method and the special quasirandom structure ͑SQS͒ approach, 6, 7 we have studied the band structure of Al x In y Ga 1−x−y N quaternary alloys. We show that the Al x In y Ga 1−x−y N quaternary alloys can lattice match to GaN if the ratio between the Al and In concentrations is approximately x / y ϳ 4.7. The variation of the band gap for this lattice-matched alloy is about 1.3 eV. We also find that when the ratio x / y ϳ 1.8, the Al x In y Ga 1−x−y N quaternary alloys will have a band gap similar to that of GaN with a relatively small lattice mismatch ͑Ͻ1.8% ͒ between the alloy and GaN. More importantly, we show that the valence band maximum ͑VBM͒ and the conduction band minimum ͑CBM͒ wave functions of the random quaternary alloy are strongly localized on the InN site, which explains why the PL intensity in the quaternary alloy is enhanced. As a result of the wavefunction localization, the VBM of the alloy with the same band gap as GaN has a higher VBM than GaN, suggesting that the p-type doping in the quaternary alloy should be relatively easier than that in GaN. [8] [9] [10] The band structure and total energy calculations are performed using the density functional theory in the local density approximation 11 ͑LDA͒ as implemented in the planewave VASP code. [12] [13] [14] The Ga 3d and In 4d electrons were explicitly treated as valence electrons. An energy cutoff of 400 eV was used in all cases. For the Brillouin zone integration, we used the k-point meshes that are equivalent to the 4 ϫ 4 ϫ 4 Monkhorst-Pack k-point meshes 15 in the zincblende Brillouin zone.
The valence band offset ⌬E v between compound AX and BY is calculated using an approach that takes into account the deformation potentials of the core reference levels. 16 In this approach, we first calculate the valence band offset between AX and BY at their average lattice constant ā using the standard approach as described in Ref. 17 . The contribution of the VBM deformation are then added using the calculated absolute deformation potentials. 16 To calculate the alloy band gap bowing parameters, we used the more efficient SQS approach. 6, 7 In this SQS approach, instead of occupying the mixed-atom sites of a huge unit cell randomly to gain statistical significance, a relatively smaller unit cell is used, in which the mixed-atom sites of an A 1−x B x C alloy are occupied in a way that the physically most relevant structural correlation functions ⌸ k,m for atomic clusters ͑k , m͒ with k vertices, and up to the mth neighbor, are closest to the exact values in an infinite random alloy
k . In this work, we used the ͑2a ϫ 2a ϫ 2a͒ 64-atoms SQS at x = 0.5. All the atoms inside the cell are fully relaxed by minimizing the quantum mechanical force. For computational convenience, our calculations are performed for cubic zinc-blende ͑ZB͒ nitride alloys. Because the band structure of the ZB and wurtzite ͑WZ͒ compounds are very similar near the band edge at ⌫, our results for the ZB alloy are also applicable for the ground-state WZ alloys. Using our calculated lattice parameters, we find that the constraint of the alloys lattice matched to GaN implies that x / y ϳ 4.7, which is in good agreement with the experimental results that the Al/ In mole fraction ratio is ϳ4.8 for wurtzite alloys.
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As in most semiconductor alloys, the band gap of the Al x In y Ga 1−x−y N alloy is a function of concentrations x and y and can be described by an expansion up to the second order in x and y,
where b is the so-called bowing coefficient. To determine these parameters, we calculated the band structure of Al x In y Ga 1−x−y N alloys using SQS at ͑x , y͒ = ͑0.0, 0.5͒, ͑0.5,0.0͒, and ͑0. Figure 1 shows the variation of the band gap as a function of Ga concentration when the lattice constant of the alloy is constrained to that of GaN, i.e., x / y = 4.7. Because LDA underestimates the band gap, we have adopted the experimental band gaps for the binary zinc-blende compounds ͑6.0, 0.7, and 3.3 eV for AlN, InN, and GaN, respectively͒. Note that because the bowing parameters are obtained using the band-gap differences, the LDA band-gap errors are largely cancelled in the calculation of bowing parameters. We see that under this lattice-matched condition, the band gap can be tuned from 3.30 eV ͑x =0, y =0͒ to 4.57 eV ͑x = 0.825, y = 0.175͒, which would be useful for band-gap engineering. Figure 2 shows the concentration and lattice constant of the alloy when the band gap of the alloy is constrained to match that of GaN. These results are obtained by solving Eqs. ͑1͒ and ͑2͒. We find that to a good approximation, the ratio of Al and In concentrations that satisfies this condition is x / y = 1.8. In the whole range of Ga concentration, the variation of the lattice constant is less than 1.8%. This indicates that good epitaxial growth of the alloy on GaN substrate is still possible under this band-gap-matched condition. To see how the formation of the quaternary alloy changes the band edge wave function character, we have calculated the valence band offset between GaN and the alloy that has band gap similar to GaN. Figure 3 shows the calculated results using the method discussed above. We see that because of large volume deformation and p-d repulsion, 16 the VBM of GaN is 1.28 eV higher than that of AlN, and the VBM of InN is 1.11 eV higher than that of GaN. If we assume that the VBM changes linearly as a function of the alloy concentration, one would expect that the VBM of the Al 21 In 11 N 32 ͑x / y = 1.9͒ would have a VBM of about 0.46 eV below the VBM of GaN. However, our direct calculations indicate that the calculated VBM of the Al 21 In 11 N 32 alloy is actually 0.11 eV above that of GaN. This is because in the alloy, both the VBM and CBM states become more localized on the In and neighboring N sites. For example, for the Al 8 In 4 Ga 20 N 32 alloy, integrations of the charge around each atoms show that the charge around the InN site is about three times more than the averaged Ga and Al sites. Because InN has a much higher VBM, the quaternary alloy with the same gap as GaN could have a higher VBM than GaN. Following the doping-limit rule, 8 which states that semiconductor with a higher VBM can be doped more easily as p type, we expect that the acceptor level ͑e.g., Mg Ga ͒ should be shallower and the donor compensation should be reduced in the alloy than in GaN. Moreover, this wave function localization increases the overlap of the VBM and CBM wave functions and thus could enhance the optical transition intensity. Indeed our calculation shows that the dipole matrix element squared ͉͗ CBM ͉p͉ VBM ͉͘ 2 of the quaternary Al 8 In 4 Ga 20 N 32 alloy is about twice as large as the GaN alloy. Because the PL intensity is proportional to the matrix element squared, this result is consistent with experimental observations. 5 It is important to point out that our atomistic SQS model assumes that the cation distribution in the alloy is random. That is, this wavefunction localization already exists in the random alloy due to size and chemical differences between InN and GaN or AlN, as reflected in their band offsets. It is not necessary to have In clustering as a precondition of the wave function localization, although In clustering is expected to enhance the effect of wave function localization.
In summary, we have studied the structural and electronic properties of the quaternary AlInGaN alloys using first-principles methods. The calculated parameters could be useful for band-structure engineering when this alloy is considered for optoelectronic device applications. We also find that the VBM of the alloy is higher than GaN with the same band gap. Thus the alloy is expected to be doped more easily as p type. We also explained that due to the wave function localization, the PL transition intensity in the alloy is higher than that in GaN.
